Objectives Polyamines have long been known to have an insulin-like action, but their antiglycating effect has only recently attracted the attention of researchers. The aim of our investigation was to determine the whole blood polyamine concentration in a healthy population in order to examine its relationship with glycemic profiles. Methods The study cohort comprised 622 men aged 40-59 who participated in a health checkup program conducted in 1997, when they underwent measurements of fasting plasma glucose (FPG), insulin (FPI), and fructosamine as glycemic indices. Colorimetric assay methods using oat and barley seedling polyamine oxidase were used to determine total polyamine (spermidine + spermine) and spermine concentrations in the whole blood, respectively. Polyamine concentrations adjusted for hemoglobin were quartiled for the analysis of covariance to assess the association with glycemic indices. Results A significant association was demonstrated between the FPG and total polyamine concentrations. In the trend test, FPG and fructosamine levels increased in accordance with the shift of quartiles of total polyamine concentrations from low to high. In contrast, the association between the spermine and glycemic indices was not statistically significant based on the test for difference of multivariate-adjusted means or trend for linearity. Conclusions This is the first epidemiological study to reveal that the concentrations of blood polyamines are related with either FPG or fructosamine level in a healthy population. There may be some feedback mechanism for the elevation of circulating polyamines to quench the glycation reaction under hyperglycemic conditions. In addition, total polyamines, rather than spermine alone, seem to be a sensitive biomarker representing the antiglycation effect of polyamines.
Introduction
Prolonged exposure to hyperglycemic conditions causes free amino groups of protein to be derivatized by reactive carbonyl groups [1] , which is the underlying mechanism involved in the development of such long-term diabetic complications as microvascular and macrovascular disorders. Naturally occurring polyamines, including spermidine (Spd) and spermine (Spm), are aliphatic polycations found in every living cell in quantities varying from the high molecular to low millimolar [2] . Polyamines have important roles in a large number of relevant biochemical and physiological functions [3] . One of these, their antiglycation property, has recently been attracting the attention of researchers. In an in vitro experiment, Nakamura et al. [4] demonstrated a chemical inhibition of the formation of advanced glycation end products (AGEs) as a result of the interaction between the free amino groups and highly reactive carbonyl compounds.
Although polyamines have been observed at relatively high concentrations in a number of pathophysiological conditions [5] [6] [7] [8] , the etiological significance of polyamines circulating at a physiological concentration has received relatively little attention in terms of its association with the development of chronically degenerative illnesses, including diabetes mellitus in general human populations.
Several methodologies have been reported for the quantification of the polyamines in biological samples [9] ; of these, high-performance liquid chromatography (HPLC) remains the technique of choice for the polyamine assay because of its high reproducibility, sensitivity, and suitability for full automation. Although HPLC methods have been improved, resulting in HPLC systems that are faster, more sensitive, with a better resolution, such systems involve the use of sophisticated equipment and are labor-intensive. In practical terms, this hinders the application of such HPLC methods in epidemiological research for the assay of many samples. We have recently developed a colorimetric assay method for polyamines in packed erythrocytes [10] using oat seedling polyamine oxidase (OSPO). Smith intensively investigated OSPO in terms of its purification technique and chemical properties, including optimum pH for stability, stoichiometry, and effect of inhibitors [11] [12] [13] . Previous studies have demonstrated that OSPO possesses an extremely high activity toward Spd and Spm but absolutely no activity toward putrescine [14, 15] . Takagi et al. [10] confirmed our new assay method to be superior in terms of sensitivity, simplicity, and rapidity, and we have subsequently attempted to apply it in our epidemiological research on the association between the whole blood polyamine (Spd + Spm) concentration and a number of metabolic risk factors. Smith also characterized barley seedling polyamine oxidase (BSPO), which is particularly active with Spm, and explored its optimal assay conditions for Spm oxidation [12, 16] . We utilized this specific property of BSPO for determining the whole blood Spm concentration by slightly modifying the OSPO-based polyamine quantification method.
Based on reports indicating the antiglycation effects of polyamines, some researchers have speculated on the involvement of circulating polyamines in controlling the levels of plasma glucose in healthy persons. One possibility is that a high plasma glucose level may induce a protective feedback mechanism of polyamines, thus resulting in the elevation of polyamine concentrations to inhibit glycation. Another possibility, based on experimental evidence showing the insulin-like effect of polyamines on lipoprotein lipase activity or glucose metabolism, is that a higher concentration of circulating polyamines may result in a lower glucose [17, 18] . To our knowledge, however, no research has been carried out on humans to date that confirms these twofold speculations. The purpose of this study, therefore, was to examine the relationship between the whole blood polyamine concentrations and some indices of glycemic profiles in a middle-aged, healthy, working male population.
Material and methods

Study population
This study used data from 1143 male employees of the local government, Aichi Prefecture, central Japan, who participated in a comprehensive health check-up program conducted in 1997. Women were excluded because of their relatively small number (n = 222) among the participants and suggested menstrual cycle-related changes in circulating Spm concentrations in healthy women [19] . Eligible subjects were aged 40-59 years, had completed a self-administered questionnaire sheets covering their present history of diseases and such lifestyle characteristics as smoking status, drinking habits, and leisure-time physical activity, and had undergone anthropometric measurements of height and weight for the calculation of body mass index (BMI, kg/m 2 ) as well as measurements of overnight fasting hemoglobin (Hb, g/dl), plasma glucose (FPG, mmol/l), insulin (FPI, lU/ml), and fructosamine (lmol/l). A subsequent eligibility criterion limited participants to those individuals who gave written informed consent to using their residual blood samples, and the results of the biochemical analyses of that blood, for our research purpose. We thus obtained a study cohort consisting of 1076 men, among whom 622 individuals (57.8%) were selected for the current study. This sample size was more than double the size of the study population in our preliminary study (n = 290), in which the statistical power was found to be somewhat inadequate to detect the relationship of blood polyamines with a number of biochemical markers. Simple random sampling by reference to random number tables was chosen to select the subjects without multi-staging or stratification based on the characteristics of the those examined in the checkup.
The health check-up was conducted in the Aichi Prefectural Center of Health Care, Nagoya, Japan throughout 1997, and residual whole blood samples were stored at -80°C in a deep freezer until assay. The study protocol was approved by the Ethics Committee of the Nagoya University School of Medicine, Nagoya, Japan.
Polyamine assay
The purification of enzymes to be used for determining the levels of polyamines was carried out according to methods reported for earlier studies, with slight modification [11] [12] [13] 16] . Briefly, OSPO and BSPO were extracted from leaves of oat (Avena sativa) and barley (Hordeum vulgare) seedlings, respectively, which were both grown in darkness at approximately 25°C for 2 weeks. The homogenized dark-grown leaves were eluted in NaCl, precipitated in acetone precipitation, re-dissolved in citrate, and dialyzed in the presence of cellulose phosphate against NaCl-free citrate buffer for 18 h. The enzyme fractions were recovered from the cellulose phosphate precipitate after ammonium sulfate fractionation, and the supernatant was purified by second 18-h dialysis against citrate buffer to remove excessive ammonium sulfate. The preparations of OSPO and BSPO were stored at 4°C and frozen at -30°C, respectively.
The principle underlying the polyamine assay methods we employed is that, in proportion to the amount of hydrogen peroxide that is formed by either the OSPO-or BSPO-catalyzed degradation of polyamines, N-(carboxymethylaminocarbonyl)-4,4 0 -bis(dimethlylamino)diphenylamine sodium salt (DA-64) is quantitatively oxidized in the presence of peroxide, resulting in production of N-(4-{[4-(dimethylamino)phenyl]imino}-2,5-cyclohexadien-1-ylidene)-N-methylmethanaminium chloride (Bindschelder's Green), which was measured at 727 nm on a spectrophotometer (Fig. 1) . To enable whole blood samples instead of packed erythrocytes to be assayed for Spd + Spm determination, we conducted a preliminary experiment to optimize the pH. A similar experiment was carried out to optimize pH in BSPO-catalyzed polyamine oxidation for the whole blood Spm determination.
Statistical analysis
We used the FPG and FPI concentrations to evaluate the glycemic profiles with which the association of whole blood polyamines is statistically analyzed. We also adopted the homeostasis model of assessment-insulin resistance (HOMA-IR = FPG 9 FPI/22.5) and fructosamine as an index of insulin resistance [20] and as an index of glycation of serum protein [21] , respectively.
Because the majority of the circulating Spm and Spd are contained in red blood cells [22] and their concentrations in blood plasma are low (within the range of pmol/ml; [23] ), the differences in plasma volume should be eliminated. For this purpose, we calculated the polyamine concentration corrected as a ratio of polyamine to Hb. The subjects were then grouped into quartiles according to the adjusted polyamine concentrations, and the analysis of covariance (ANCOVA) was performed to estimate the least-squares means of each glycemic index for comparison across those quartiles. Multivariate adjustment was made for age and BMI (Model 1), and further adjustment was conducted for the factors of smoking status (current, former, never), drinking habits (none, light: daily alcohol consumption approximately less than 23 g; moderate: 23-46 g; heavy: 46 g or over), leisure-time physical activity (regularly active, somewhat active, not very active), and a present history of any treatment for hypertension, diabetes, dyslipidemia, stroke, or hyperuricemia (Model 2). The classification method for the intensity of both drinking habits and leisure-time physical activity has been thoroughly described in a previous paper [24] . To test the linear trend for each glycemic index according to the polyamine concentrations, we used a linear contrast on the assumption that the polyamine quartiles were equally spaced from low to high. Data management and analysis were conducted using SPSS for Windows ver. 11.0 (SPSS, Chicago, IL). In all statistical analyses, two-sided P values \0.05 were considered to be statistically significant.
Results
The average age of the subjects was 50.6 ± 6.3 years (mean ± SD), and their mean BMI was 23.4 ± 2.6 kg/m 2 , with 26.5% of the population having a BMI C25. The respective means of FPG, FPI, HOMA-IR, and fructosamine concentrations were 5.76 ± 1.25 mmol/l, 5.94 ± 4.82 lU/ ml, 1.53 ± 1.22 mmol/l, and 255.7 ± 36.9 lmol/l. The uncorrected concentrations of whole blood polyamines were 15.7 ± 7.9 nmol/ml for Spd + Spm and 7.8 ± 5.6 nmol/ml for Spm): these were converted after Hb correction to 0.105 ± 0.059 and 0.052 ± 0.038 lmol/g, respectively. Current smokers accounted for 35% of the subjects, and moderate to heavy drinkers for 47%. Some 17.5% of the participants were under treatment for one or more of the following: hypertension, diabetes, dyslipidemia, stroke, heart disease, or hyperuricemia. Statistically significant differences in means of age, FPG and HOMA-IR were indicated according to the quartile of Spd + Spm (Table 1) , whereas no significant associations of either BMI, FPI, or fructosamine with Spd + Spm were found. Neither smoking status, drinking habit, nor leisuretime physical activity was related to the quartile of Spd + Spm, and a present history of any chronic degenerative disease under treatment was unrelated to the Spd + Spm concentration. In relation to the quartiled Spm concentration, means of age remained statistically significant, but those of the other measurements, including BMI, FPG, FPI, HOMA-IR, and fructosamine no longer differed at a statistically significant level between the quartiles (Table 2) . Moreover, the contingency tables for the association of either smoking status, drinking habit, leisure-time physical activity, or a present history of any chronic degenerative disease with the quartile of Spm yielded no statistically significant relationship.
With respect to the relationship between the means of FPG and quartiles of Spd + Spm concentrations (Table 3) , age-and BMI-adjustment yielded a highly significant association (Model 1), which was essentially unchanged after the additional adjustment was made for the effects of smoking status, drinking habit, leisure-time physical activity, and present history of chronic disease (Model 2). These relationships also showed a highly significant linear fit, indicating that mean concentrations of FPG increase with the shift of Spd + Spm from low to high quartiles. Similarly, there was a significant positive linear trend between increasing fructosamine concentration and increasing Spd + Spm levels in Model 1, although this trend was not significant in Model 2 (P for trend = 0.081). The positive linear trend between increasing HOMA-IR with increasing Spd + Spm concentrations approached the significance level (P for trend = 0.057 and 0.073 in Model 1 and Model 2, respectively), although neither model revealed any apparent differences in means of HOMA-IR. Conversely, the concentration of Spm seemed to totally lack association with any relevant glycemic indices in terms of both the difference in adjusted means and linear trend.
Discussion
The relationship between the whole blood polyamine concentration and metabolic risk factors among healthy populations has to date not been subjected to epidemiological assessment, presumably because of the unavailability of simple and inexpensive polyamine quantification methods validated against such sophisticated, precise ones as HPLC. However, in a previous study we confirmed that the colorimetric assay, as applied in this study, produces polyamine values that correlate well with those obtained by HPLC [10] , and concluded that this assay method is a simple, highly sensitive, and practical one for clinical use. Since this study required the determination of the polyamine concentration of a large number of blood samples, the strong points this colorimetric assay -convenience and validity -were great assets. Although our original method used packed erythrocytes for Spd + Spm determination, in this study we assayed the whole blood samples instead of packed ones because the samples we used had been stored in a deep freezer and thawed immediately prior to the assay. This methodological constraint required post-measurement correction to account for the plasma volume because polyamines found in the blood plasma are extremely low [23] . Although such a correction could preferably be made using hematocrit (Hct), we calculated the polyamine concentration per Hb for correction purposes due to the absence of Hct measurements for our subjects. However, we assumed that our correction resulted in indices highly proportional to the Hct-corrected ones given the high correlation between Hct and Hb (r = 0.93), an assumption which has been confirmed in more recent data from 4034 male local government workers available from the health check-up program of 2000.
The uncorrected concentrations of polyamines determined in this study appear to be close to those obtained in our previous study [25] , although direct comparison requires that differences in the characteristics of the subjects, polyamine quantification method, and correction method for polyamine concentrations be taken into consideration. Saeki et al. demonstrated that the Spd and Spm levels of packed erythrocytes were 14.1 ± 3.1 and 8.4 ± 2.8 nmol/ml, respectively, in 27 healthy persons and that these had significantly increased to 164.0 and 111.0 nmol/ml in patients with malignant neoplasm [26] . A similar elevation of urinary polyamines was also observed in a comparison of patients with a solid tumor and normal, healthy individuals (2.7 ± 0.54 vs. 1.2 ± 0.16 mg Spd/g creatinine, and 0.6 ± 0.28 vs. 0.04 ± 0.007 mg of Spm/g creatinine) [2] . In addition, a post-mortem study of the human frontal cortex contents of Spd and Spm in elderly patients with Down syndrome (99.7 ± 20.0 and 38.6 ± 2.1 nmol/g wwt, respectively) and Alzheimer disease (93.5 ± 18.2 and 32.2 ± 3.7 nmol/g wwt, respectively) were significantly lower than those in control subjects (186.1 ± 34.7 nmol and 52.8 ± 2.7 nmol/g wwt, respectively) [27] .
Because of their polycationic nature, polyamines are known to bind to negatively charged macromolecules, such as nucleic acid [3] . However, the biological significance that erythrocytes, despite lacking DNA/RNA and polyamine biosynthetic activity, carry the majority of circulating polyamines by actively concentrating polyamines via their transporters [28] has been poorly understood. In this respect, one hypothesis recently under intensive investigation is that polyamines accumulated in erythrocytes function as quenching glycating agents. A number in vitro experiments have demonstrated that polyamines have a potent antiglycation effect [29, 30] . Although glycated hemoglobin (HbA1c) is also a widely used marker of glycation, in addition to fructosamine, we did not include HbA1c in the statistical model because HbA1c was measured only in a portion of the study population. However, we did confirm that a significant relationship does exist between both Spd + Spm and Spm with HbA1c by conducting a similar multivariate analysis of the data set collected from a population in a rural area (unpublished data).
The most salient result of our study is the highly significant difference in mean FPG concentration across the quartiles of the Spd + Spm. Moreover, the increase in FPG concentration showed a significant linear fit increasing levels of Spd + Spm. This result supports the possibility of a feedback mechanism for protection against glycation under the hyperglycemic condition; i.e., the elevation in FPG levels under physiological conditions results in the elevation of Spd + Spm concentrations to subdue the glycation reaction. Since the formation of pyrraline, one of the major AGEs, occurs in a manner dose-dependent on the glucose concentration [30] , it is likely that the amount of circulating polyamines required to inhibit the Maillard reaction is proportional to the concentration of FPG. The linear relationship between the Spd + Spm concentrations and fructosamine can be explained in the same manner as fructosamine can be regarded as an integrated glycemic index due to its high correlation with the glycated total proteins [21] . The lack of an apparent relationship between Spm and the glycemic profiles was unexpected because previous reports had revealed a potent glycation-inhibitory effect of AGE production by Spd compared to that of Spm or putrescine [30] . In the biosynthetic pathway of polyamines, the less inhibitory Spd is thought to be readily catalyzed into the more potent Spm to function as an antiglycating agent in response to the hyperglycemic conditions, and Spm is believed to be readily catabolized back to Spd. As such, the Spd + Spm concentration may be a more sensitive biomarker to reflect the antiglycation effect of circulating polyamines. However, these explanations are mere speculation in the absence of relevant studies demonstrating any similarities and dissimilarities in the behavior of circulating polyamines in in vitro versus in vivo experiments. Any causal interpretations of the relationship between circulating polyamines and glycemic profiles illustrated here should be considered to be tentative, given certain limitations of our study. Since polyamine metabolism has been acknowledged to involve a number of regulatory elements in the elaborate biosynthesis/degradation/uptake pathways [3] , the observed relationship between the polyamine concentrations and glycemic profiles may not be straightforward, but subject to the homeostatic control of some -perhaps as yet unknown -important intervening factors. Such factors include ornithine decarboxylase, which is the rate-limiting key enzyme of polyamine biosynthesis, and/or the cellular transport system, which remains poorly characterized in mammals [31, 32] . Although the observed association had some implications for the significance of polyamine measurements in the general populations, cross-sectional analyses like the one reported here are inevitably susceptible to bias, which is being properly handled in a prospective cohort study currently underway for the follow-up of our study subjects until glucose impairment and other metabolic disorders occur.
In summary, based on these results, which were unexpected in light of previous in vitro experiments, we hypothesize that the levels of circulating polyamines are kept raised under hyperglycemic conditions to quench the glycation reaction in healthy individuals, reflecting the existence of a feedback mechanism that protects against the adverse effects of reactive carbonyl compounds.
